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Abstract

A “lane c}lange crash” is defined as a fam-
ily of collisiol~s  that occurred when a driver at-
tempts to change  lane ancl strikes or is struck by
a vehicle in the adjacent lane. One type of ma-

?neuver  <hat i s  commonly  used  to avert a lane
change crash involved aborting the intended lane
change, and returning the vehicle to the origi-
nal lane of the subject vehicle. l’his study add-
resses  the performance of driver-veh  icle systems
in abortccl  lane change maneuvers. We first  com-
pared the recorded steering command of an ex-
perienced driver in executing a lane change ma-
neuver  with that determined via solving a suit-
ably formulated optimization problcm,  and found
them to bc qua]itativcly  comparable. This find-
ing allows us to analytically assess  whether an
experienced driver can successfully avert a lane
change crash if he rcsponsed  to the warning from
a co]lision  detection systcm ?~ seconds after the
initiation of the lane change maneuver. Quantita-
tive relations between prc-crash vehicle variables,
including the nomi]lal  speed of the subject vehi-
cle, the closing speed bctwccn  the subject vehicle
and principal other vehicle, the longitudinal and
lateral gap distances, and 7; are determined. Re-
sults obtained can be used to guide the develop-
ment of collision warning devices and other lane
change/merge crash avoidance counter-measures.

Introduction

A “lane challgc crash “ is dcfinccl as a family of
collisions that occurred when a driver attempts

to change lane and strjkes  or is struck by a vchi-
CIC i]! the adjacent lane. ‘1’hcrw  were more than
240,000 lane cllatlgc  or merge crashes that oc-
curred in 1991.1 l’;ven  though this represents only
about  4% of all crashes, it is estimated that  these
crasl[es  account for about 10% of all accidcnt-

1’2 Statistics on lane change crashescaused delay.
that are used in t}lis  study include:

● ]nost  lane chaTlge/merge crashes involved two
vehicles traveling at speeds that are within 5
mph (8.3 krn/hr)  of each other.

● about ‘15~o  of lallc  change/merge crashes oc-
curr(d on roads with speed limits of less than 5 5
mph (91.7 km/hr).

● about 68% of lane change crashes were simple
lane changes, as opposed to merge, exit, passing,
or weave m aneuvcrs.

● passenger  vchiclcs  arc eclually  likely to be
involved ill left to-right and right-to-left lane
change crashes.

‘1’llis  study addresses the pcrforvnance  of drivcr-
vehicle systcrns  ill attempting to avoid a lane
c}~a]lge  crash. ‘1’lle scenario considered is depicted
in Fig.  1. In that figure, the driver of the sub-
ject vchiclc  (SV) IIas just initiated a lane change
mal]cuver  when }]c detected a fast approaching
vehicle (called “l)ri]lcipal  other vchiclc” or POV)
in tile destination lane. l’;vcn  though there is a
longitudinal gap between the SV and POV prior
to the start of tllc lane change maneuver, this
gap is being C1OSCCI very rapidly. If the SV driver
does not initiate evasive maneuvers quickly, a
lane change collision will occur.
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Onc family of mancuvcxs  that is commonly
used in averting a lane cllangc  crash  invo lved
abor t ing  the  intcndecl  lane chall.gc,  allcl returni-
ng the SV back to the initiation lal~c. Since the
longi tudinal  gap bctwccn the vchic]es  involved
could bc slnall (in Fig.  1, the I)OV  is within the
‘(blind zone”  of the SV), the fast-approaching ve-
hicle  must be detcctcd  quickly ancl the evasive
mancuvm-s  made reflexively. Unfortunately, most
drivers are not familiar with tlic  “aborted” lane
change maneuver, ancl the evasive steering con-
mands  uscci might bc incorrect. It is in this sit-
uation that a collision warning device  might save
the day. IIowmwr, to bc useful, the collision warn-
ing systcm  must detect ancl warn the SV driver
“early  enough “ in order to give the SV driver a
chance to successful avert the collision.

‘J’hc objcctivc  of  this  s tudy is  to  quant ify
the performance of chivcr-vchiclc  systems in an

raborted 1 anc change maneuver . Relations bc-
twccn  pm-crash vchiclc variables (such as the the
nominal speed of the subject vehicle, the clos-
ing speed between the vchiclcs, the longitudi-
nal and lateral gap distauccs)  and the detection
time of the collision warning device will be es-
tablished. ‘J’hcsc results can bc used to guide
the devcloplnellts  of collision detection and warn-
ing devices and other counter measures for lane
change/merge crashcw.

Vehicle Dynamic Model

Consider a vchiclc moving over a flat ancl level
road surface (1’’ig.  2). When t}le  forward speed,
U, is kept constant, this vchic.le model has two
degrees-of-frcwdom, the side velocity, v, and the
yaw-rate,  r. “J’he  cornering folces  acting on the
front  ancl rear axles arc denoted by 1; and F,,
respectively. Apart from these forces, there are
the relatively small aligning torques, camber an-
gle cfi’ects,  etc. that arc ncglcctecl  in our study.

In Fig. 2, a and L clcfinc the location of the
vehicle’s e.g. between tllc axles, and MS and ~zz

denote the mass and the yaw moment of inertia
of the vehicle, rmpectivcly. l’urthcrmore,  if COJ
and C@, denote  the cornering stiffnesses  of each
front and rear tire, respectively, and if 6f denotes
the front tire angle,  then the vehicle’s equations

of motion arc:3

2((K’af  +- (Yeflr)
122+ + ----–-yJ r

+ 2((1C’OJ  – M3fir);  = 2aC.Jfif, (1)

2(aC.f – bCar)
AJ,ti +  {M,  (J -+ —

[J
}r

i- 2(C0,  -t- car);- = 2ca,6j  . (2)

‘J’hc followillp;  vehic]c  parameters arc used in our
stud): [a, b] = [] .2, 1.6] m, 1,, =: 2200 kg-m2,  M,
=: 1700 kg, [(::oj , Co, ] ‘- [960, 1100] N/cleg.

In our study, t] LC vehicle dynmaic model is aug-
mented with the following first-order actuator cly -
nami c model:

T&+ tij =  6jc. (3)

Her-c 6fC is the comlnand to the steer-ing actuator,
al~d T~ is the time constant of the actuator. ‘l’he
assulncd  bandwidth of the steering actuator is 4
lIz. Similarly, we usc tile following driver’s neuro-
muscular model::+

Td6jC ‘1 6fC = 6dTiV~r /Ns . (4)

IIere 6&~V,r  dellotcs the steering wheel command
from the driver, and rd is the time constant of
the driver response. ‘J’he parameter lV,S is the
steel  ing ratio (Ns == 15). ‘l’he bandwidth of the
driver response is assumed to be 2 Hz.

‘J’IIc validity of this vchiclc  model begins to de-
teriorate in maneuvers with lateral accelerations
that exceed 0.3 g’s, including  those found in high-
specxl lane change maneuvers. IIowcver, the sit-
uation is mitigated somewhat by the fact that
these high-g conditions only lasted for a short
time. What follows cloes  not depend on the “lin-
ear” vehicle lnodel  assumption which was used
only for convenie)lce. Nonlinear vehicle models
that can better  predict vehicle responses in high-
g maneuvers should bc used if available.

III addition to these dynamic equations, the fol-
lowing  kinematical  relations arc used to compute
the resultatlt  vehicle trajectory:

~ =- r, (5)

+ =’:., Ucos~ – vsin~~, (6)

~ :. Usin*  +  vcos~. (7)
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in l’ig. 2, (x,y) is tllc rccti-linear coordinates of
the vehicle’s e.g. relative to an arbitrary rcfcr-
cnce.  ‘J’hc ang]c  @ is that bctwccn  the vehicle’s
geometrical axis of symmetry and the x-axis, and
is defined positive in the clockwise direction.

Perfornlance  of Driver-Vehicle System in
IJane  Change Maneuvers

7’l]c performance of a driver-vehicle system in
lane change )nancuvcrs is difficult to evaluate bc-
causc  onc must take both the vehiclc)s  directional
charactcrisiics  as well as the linlitations  of driver
responses into consideration. Several collision
avoidance scenarios had been studied in the lit-
eratures [1-2, 4-6].

II] llcf. 6, l,CC considered the lane change ma-
neuver illustrated in Fig. 3. As pictured, a vehi-
cle is travclling  at a constant speed on a straight
two-lane roadway when an object dashes onto the
vehicle’s path and stops. ILcpresentative  time his-
tories of steering whcc]  excursions made by both
experienced and inexperienced drivers in such a
scenario arc given in Fig. 4.4 The initial steer-
ing angles used by both driver groups are on
the order of 200 cicgrecs.  ‘J’hc ini t ial  s teering
comlnand  must be followed by an ‘(cqual-and-
opposite” steering in order to arrest the cliverging
vehicle’s heading angle, and return it to the de-
sired straight-ahead heading.

With regard to the steering com]nands  used
by experienced drivers in lane cha]lge  nlaneu-
vers,  l,ee conjectured that driver’s evasive steer-
ing commands call  be determined via solving a
suitably formulated optimization problem. The
cost functional of that optimization problem is
a weighted sum of the lane change time, vehi-
cle’s squared heading angle and tire’s excursion
at the end time, and the time integrals of the
vehicle’s squared lateral acceleration and driver’s
stcerillg rate. Steering commands obtained via
solving such an optimization problem were found
to be qualitatively comparable to those recorded
from roacl  tests.~ ‘1’his  finding allows us to ana-
lytically assess the performance of driver-vehicle
systems in ‘(aborted” ]anc change maueuvers.

An Aborted Lane Change Maneuver

‘1’llc aborted l;u)c change maneuver clcpictcd
in l’ig. 1 begins with a “normal” lane change
manruvcr.  ~’hc driver attempts to make a lane
challgc  to get to an adjacent lane. Not under
the ~Jrcssurc of time) hc plans to complctc that
lane change in threw scconcls (?},c). An optimiza-
tion l)roblcm  is formulated to analytically gener-
ate the steering con)lna,nds.  ‘1’hc end conclitiom
of tlic optil[lization  problc:n  arc given as follow:
IIcfol c the lal]e c]]angc  maneuver, the vehicle is
in its straigllt-ahead cruising conclition.  ‘1’o make
the lane challgc  lrlal]euvcr,  the vehicle must be
displaced a lateral distance. Also, it is desirable
to end the lane cllallgc  with zero vehicle’s yaw
rate, side velocity, llcacling  angle, and tire excur-
s ion angle.  q’o bl’ing the vchiclc from the given
initial to the desirccl  terminal conditions, wc seek
fi~.iti(.(  (t) that minilnizes  the following cost func-
tional:

I’o II lake this cost functional dimensionless, all
variables arc norlna]izecl  by cluantities denoted
with a subscript “W’. Values selected for these
norn]alizing  cluantitics, and other scenario pa-
rameters  am tabulated in q’able 1.  Note that
these scenario parameter values were selected to
be consistent wit}l the lane change crash statisitcs
mentioned in tllc introduction section. Through-
out the lane chall, gc maneuver, driver’s comfort
and workload arc improved by inducting both the
vehicle’s lateral acceleration (aVV) and the steer-

ing late (~fC) in the cos t  func t iona l .  ‘1’he fo r -
mulated optimization problem was solved using
the algorithm described in Ref. 7. Time his-
tories of the steering angle, vehicle heading an-
gle, lateral acceleration, and the resultant vehi-
cle trajectory are given in Fig. 5. ‘l’he root-
sum- squares values of the lateral acceleration
and steering wheel rate arc 0.17 g’s and 56.7
deg/see,  rwspcctivcly. ‘1’hc corresponding cost
functional fc)r this t]lrcc-second maneuver is given
by 3 X 0.5 X {(0.17/0.2)2 + (56.7/150) 2} % 1.3.
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l’ararnctcr
s-v S];ccd (u)

speed diffcrclltial  (AU)——
lateral gap (D)

vchiclc width (W)
side mirror  to

r-car bu]npcr  (S)
inner  blind zone angle (~)

stceri]lg  ratio (IV.S)
detection and

warning tilnc  (Y:)
lane c.hangc Ginc  (7;,c)

norlnalized  time (7’N)

accclcraiion  (aVYN )
normalized steering

rate (i fcN)

_— ..-
\Ia]u(,(s)

100 1<111/11
~.~] kl*/]1

3.6 m
2.0 m

3.0 m
“16 dcg ‘-——.. —

15
0.40-0.85

sec_—— -
3 Scc

1.0 sec
2.0 dcg

0.2 g’s——
150/N,s
dcg/sec_—.. .—— —

Many lane change crashes occurred bccausc the
clrivcr  of the SV fails to scc the l)OV. This could
bc bccausc  the }’OV is insiclc the blincl  zone of the
SV, as dcpictcd in }“ig. 6. If the SV is equipped
with a collision warning systcm,  let it be turnecl
on the moment the lane change is initiated. Let
7~ bc the total time it takes the warning system
to detect the 1’OV and the time it takes the driver
to rccognizc and react to the gcncratcd  (audio or
visual) warning. If the I’OV speed is higher than
that of the SV by A[J, the maneuver time (T;,  )
available to avert the lane change crash is:

where 1, is longitudinal gap between the SV and
POV. From Fig. 6, 1, == (l) – W/2)cot~  - S. Us-
ing data given in ‘1’able 1, the available maneuver
time is only (2.2 - l;) seconds ;f AU = 10 km/h.
Obviously, the faster the collision warning sys-
tem can detect the 1’OV and warn t}le SV driver
about  the impending crash,  more tirnc will bc
available for the SV driver to exccutc  the needed
evasive rn aneuvcr. ‘1’hc  initial couclition  of this
evas ive  maneuver  a l so  dcpcmcls  On l;. If ~; is
small, the magnitudes of the vchiclc’s  yaw rate,
siclc  velocity, and lateral acceleration at the start

of tl]c  abortecl  lane change maneuver are rcla-
tlivclJ small (see l“ig.  5). IIencc, it will bc easier
al~cl cluickcr to rcturll  the vcllicle  back to the ini-
tiation lane. ‘1’o avert the lane change crash, the
y-coorclinatc  of tllc  SV’S e.g. at the cncl of  the
lnaneuvcr must be:

Also, wc must end the lane change with zero ve-
hicle’s  yaw rate, sic]c velocity, and heading angle.
‘1]0 steer the vclliclc  from the given initial to final

. .
CO1ldltl 011 S, WC sC~’k a 6dTiVcT (t) that minimizes a
cost functiollal  that is similar to that given in (8):

r,

~q2+ (~)z} (:).(11)+ ; ~’n’{(;,,N
‘]’hc first  term in this cost functional accounts for
the driver’s clcsirc tc) return the tire angle back to
<( zero’> at the cIid time as closely as possible. The
norll]alizecl  angle ON is given iu ‘1’able 1. Physi-
cal illterprctatiolls  of the terms under the inte-
gral had been given above. l’or ranges of 7’, and
AU values, the forlnulated  optimization problem,
with both equality and inequality terminal condi-
tions was solvecl  using  the technique clescribed  in
Ref. 8. ‘J’hc variatiolls  of the cost functional (per
unit maneuver tilnc) with AU, for a range of ?:
are dcpictecl  in 1+’ig. 7. l’he corresponding vari-
atiolis  of the terminal lateral displacements with
AU are givc]l  in l+’ig. 8.

Discussions

In Fig. 7, the lllagnitude  of the cost functional
represents the ‘(degree of difficulty’ of making the
evasive steering lnancuver. If the driver executes
the maneuver with, on the average, 0.3 g’s of
latelal acceleration and 150 deg/scc of steering
rate, the resultant  per unit time cost functional
is 0.5 x {(0.3/0.2)2-1(150/150) 2} = 1.63. lf ahor-
izon{ al line that represents J/2~, = 1.63 is drawn
ill F’ig. 7, its intersections with various AU-to-J
curves give the maximum allowable speed differ-
ential  AU~,aZ below which the SV can successfully
avoi(l the collisio]l.  Since the cost functional in-
creases very rapidly with AU for larger Te, the

4



resultant AU,,,@T bccomcs  very sma]] . A ~lOt bc-
twec]l  1~ allcl  AU,,,.* is given in h’ig. 9. A first-
orcler approxilna.tion  of the clata  given in that fig-
ure is:

AU,,,.z = 25.5 – 157L , (]~)

where 1~ is in units of scconcls alld  L\[JT,Lar  is in
ullits  of km/hr. When the ak)ove dcscribccl  anal-
ysis is rwpcatcd  for the case when the SV speed is
90 km/hr (instead of 100 km/hr), the correspond-
ing relation is: A(J,,,,,,. z 25.2 – 14.91L,  which is
close to (12). l,ooking  at these ]clations,  it is ob-
vious that the magnitude of the warning time T;
plays a critical role  in clecicling  whether t}lc  SV
driver can succcssful]y  avert an accident.

The prcscncc  of the 1’OV in the SV’S blind
spot might  bc dctcctccl by the  SV dr ive r  h im-
self, I,ct us assulne  that the detection time is
one second. l’;lse,  the SV driver might be aided
by a collision detection device. Ultrasonic, raclar,
and 1 )opplcr  technologies have been used in com-
mercially available proximity detection systems
which COUIC1 bc used for this purpose. In this
study, wc assume that the combined clctcction
and diagnostic processing time for the system
used is 0.1 seconds. ‘J’hc processed information
must then be prcsentccl  to the driver in a manner
that elicits appropriate collision avoidance ma-
ncLlvcr.

Driver warning recognition time is a strong
function of the type of display used. A com-
parison bctwccn  the recognition times of a hcad-
up display (lIUD) ancl a conventional instrument
panel head-down display (111)11) was made in Ref.
9. ]n that reference, the recognition time is the
time it takes the driver to focus on and recognize
the displayed warning sign. For straight line driv-
ing at 100 kn~/hr, the recognition time of a lIUD
system is about 0.3 seconds (that of a IIDD is
0.5 scconcls).  l“rorn  Ref. 10, the delay time in the
driver’s steering response is on the order of 0.15
seconds. Hcncc, the overall detection and warn-
ing time 7: = 0.1 + 0.3 + 0.15 = 0.55 seconds,
which is about half that of the clrivcr. Using (12),
the maximum allowable sJ~eecl  differentials for the
driver-based and warning systcm-based scenarios
arc 10.4 and 17.2 km/hr,  respectively. If the I’OV

is ap~jroachillg  LIIC SV with a AU of 11 km/hr,  a
ccjllision  will result if the driver is not aidccl by a
collision warning systcm.

A~lother  way tc) interpret the result given in
(] ~) is as fo~]ows. Consiclcr  the scenario when
the speed diflerelltial  bctwccn  the vehicles is 5
mph (8.3 km/hr~ scc also the I1ltroduction  sec-
tion). !l’hc clucstion  i s : how cluickly must the
I’OV  bc clctectcd  so that  the SV driver needs
only to perform la]lc change maneuver of ‘(mocicr-
atc” CIegrce of difficulty having a cost functional
of 1.63. Using (12),  wc estimate that 7~ must
be less than (25.5 - 8.3)/15 x 1.2 seconds. This
level of response t imc is gcncra]ly  achievable by
most drivers. JIc]lccl  most drivers can success-
fully avert a lallc  c]lange  collision with a 5-mph
speed differential. “1’his  conclusion is consistent
with our general driving expcricncc.

TIIC parameter 1 \,c given in ~’able 1 denotes
the time duration  within which the SV driver
plans to complete the attempted lane change nla-
ncuvcr. ‘l’his time is a function of the following
factors, anlol]~; ot]]crs:  (a) nominal speed of the
SV, (b) trafl-ic  delisity,  and (c) the “aggressive-
llCSS” of the SV d river’s lane change maneuver.
If the SV driver is cautious, hc might decide to
com])letc  the lane change with a longer  ~l,c. ‘To
stud~  the effects that TI,C has on our results, wc
repeated the allalyscs with a 7~c == 4 seconds
(instead of 3 sccorlds).  ‘l’he resultant Un,az-T, re-
lation  is:

All,,,.,. == 29.2 – 17.87;  . (13)

‘l’his approximate rc]ation  is also depicted in l’ig.
9. Using (13), the maximum allowable speed dif-
fcrclltials  for the clrivcr-based (with IL = 1 sec -
ond) and warning system-based (with !7~ = 0.55
SCCOI Ids) scenarios arc now ) 1.4 and 19.4 km/hr,
respectively. IIellcc, for a cautious driver, if the
POV is approaching the SV with a AU of 11
km/llr,  a ccdlisioxl  will not result even  if the driver
is Bc)t  aided by a collision warning system. These
analyses indicate that, from t}le view point of
averting a la]le  chanp;c collision, it is advisable to
rnakc a lane ch allgc  as ‘(cautiously)’ as the traffic
pervl  iits.
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‘1’l]c j(lliatiotl~ )t’ t)l)f) tlrl]lillal  lateral clisplace-
ments \I i I 11 AL;.  I (jr a rany, r 01’ “1 ~ Trducs,  arc given
in Fig. Y. I,ooki i); at tl)t  cllrit  Ivith a  detect ion
t i m e  o f  0.1 sc(oltfls, ~vc ]1OLC (hat the larger t h e
speeci dil[”(’rcnti[ll  –!(,1, tilt: sIllallcr  is the terminal
lateral llisplaccrl~(:nt. ‘1’llc sa[~le trend is also ob-
servcci ill results ol]taillcd for all other detection
times.  Note  also that ill all cases the terminal
lateral clisplaccn)cnts  are always  less than D – W
(= 1.6 Illc!tcrs,  S(!(J ( 10)). ‘1’llis esnurm that the
SV and l’OV do not collide at the end time of
the  ]an( changr  Il)ancuver.

S u m m a r y  ancl Caveats

T h i s  stLIdy addressed  Illc p e r f o r m a n c e  o f
driver-~cl)icle systems ill shorted lane change
mancwv(rs. All optimization problem was for-
mualtcxi  to allow us to analytically assess whether
an experienced driver  can successfully avert a lane
change crash ii’ he rcsponscd  to the threat T= sec-
onds af{[’r the initiation of i he lane change ma-
neuver.  ltesults  obtained in this study can be
used to quantif~.  how fast a collision detection
and warn ing systcIn must ~vork in order to be
effective. lIowcver, note that the present study
assumed that  the SV was traveling at a con-
stant longitudinal spcecl throughout the entire
l ane  change mallcuvcr.  The  po ten t i a l  benef i t
of usinp  longitudinal acceleration (or decelera-
tion) irl the evasive maneuver was not consid-
ered in Ibis study. Similarly, we assumed that
the PO\~  driver clicl not make any complementary
crash aloidancc  control maneuvers (such as brak-
ing). }]rnce, “results obtained arc for the “worst
case)’ scenario Jve USCC1 in this stud)’. Accord-
ingly, a lane change crash predicted by this study
might not happen if, for example, the POV driver
brakes and slows clown his vehicle.

In SO1]]C  situations, the POV’S speed might be
so fast that it is unlikely that the SV driver can
avert a Ia[le change crash on his own. In these
situations, it becomes necessary for the collision
avoidance system to detect, w~rn, and even as-
sume tclnporary (allcl  partial) control of the ve-
hcile in order to avert tllc~ crash. A coordinated
control o!’ the vehicle’s steering, braking, and
throttling is likely  neeclecl  in these emergencies,
together }vith a capability to generate an optimal

evas ive  trajcctoly  orl-board.  l’his is an intcrcst-
illg research topic for future study.
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Fig. 1 A lane change crash scenario
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Fig. 2 Schematic of a vehicle handling model
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Fig. 3 Schematic of an accident-avoidance lane change maneuver
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Fig. 5 Computed time histories of vehicle variables in a lane change
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Fig. 6 SV initiates a lane change not knowing that the
POV is inside its blind zone



Fig, 7 Variations of Cost Functional with Speed Differential
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Fig. 8 Variations of Terminal Lateral Displacement with Speed Differential
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Fig. 9 Variations of Maximum Allowable Speed Differential with Detection Time
~————r —- ~_-— –—1—–--”–——~

+

‘ L C=  3 seconds

U =: 100 km/hr

~._J.. _—. i—_____ - .L... . . . . ~

3 0.4 0.5 0,6 0.7 0.8

Te (seconds)


